Hearing impairment is a common human condition, but we know little about the molecular basis of cochlear function. Shaker-with-syndactylism (sy) is a classic deaf mouse mutant and we show here that a second allele, sy ns , is associated with abnormal production of endolymph, the fluid bathing sensory hair cells. Using a positional candidate approach, we demonstrate that mutations in the gene encoding the basolateral Na-K-Cl co-transporter Slc12a2 (Nkcc1, mBSC2) cause the deafness observed in sy and sy ns mice. This finding provides the molecular basis of another link in the chain of K + recycling in the cochlea, a process essential for normal cochlear function.
INTRODUCTION
Despite recent progress in identifying the mutations underlying some forms of genetic deafness, a large number of deafness genes remain unidentified. The mouse is a powerful model organism both for elucidating the pathological processes underlying defects of the auditory system and for investigating the normal processes of auditory development and function (1) . Shaker-withsyndactylism (sy) is a radiation-induced mutant mouse that exhibits hearing loss together with fusion of the digits (2) . sy homozygotes are deaf and exhibit head tossing and circling behaviour that results from vestibular dysfunction (3, 4) . sy maps to mouse chromosome 18 and results from the deletion of an~0.7 cM interval (4) . Three additional alleles of sy, all of which have arisen spontaneously, exhibit either hearing loss or syndactylism, but not both. The fused phalanges mouse, sy fp , arose in the strain C3HeB/FeHu (5) . All sy fp homozygous animals show variable fusion of the three central digits of the hindfeet and~50% show the same abnormality of the forefeet; however, behaviour is normal (5) . sy/sy fp mice resemble sy fp /sy fp animals and show no abnormal behaviour (6) . A second spontaneous mutation with the same homozygous phenotype as sy fp was shown to be allelic with fused phalanges and given the allele symbol sy fp-2J (4, 7) . The recessive spontaneous mouse mutation termed no syndactylism (sy ns ) complements the digital but not the behavioural aspects of the sy phenotype (4) . These combined results indicate that the sy phenotype results from the disruption of two closely linked but distinct genes, one affecting the auditory/vestibular system, the other limb development (4). In the current study, a positional candidate approach has been adopted to demonstrate that mutations in the gene encoding the basolateral Na-K-Cl co-transporter Slc12a2 (Nkcc1, mBSC2) cause the deafness observed in sy and sy ns mice.
RESULTS

Mapping of candidate genes relative to sy
The observation that the sy phenotype is caused by a deletion in the D18Mit238-D18Mit28 interval (4) allowed us to identify positional candidates based on published chromosomal locations and carry out deletion analysis in sy/sy DNA. The genes Dtd, Tcof1, Atq1, Lmnb1, Hsst, D18Ertd65e, Npy6r, Hsp74 and Dtn are not within the deleted region ( Fig. 1 and data not shown) . Subsequently, database analysis identified several YAC clones that mapped to the sy region (www.informatics.jax.org ). EST content studies suggested that the gene encoding the basolateral Na-K-Cl co-transporter (slc12a2) mapped within the sy region (data not shown). To map the sy locus relative to polymorphic markers from central mouse chromosome 18, the sy fp allele, which is maintained on a C3H background and is fully viable and fertile, was used to establish a backcross mapping panel. Homozygotes were outcrossed to C57BL/6J and the resulting F1 mice backcrossed to further homozygotes. Slc12a2 was shown to be non-recombinant with the sy fp mutation in the 100 backcross progeny that were genotyped (Fig. 2) .
Mutation analyses of slc12a2
Although slc12a2 is expressed in a wide variety of tissues, its expression in fibrocytes and the basolateral membrane of marginal cells of the stria vascularis of the cochlea (8) (9) (10) , together with the reported collapse of endolymphatic compartments in sy/sy mutants (3, 11) , suggested that it was a strong candidate for the deafness observed in the sy and sy ns mice. We undertook mutation analyses of slc12a2 in sy/sy and sy ns /sy ns mice. Initially, an EST defining the slc12a2 locus was used to PCR amplify DNA extracted from +/sy and sy/sy animals in a duplex reaction with primers defining D18Mit123, which is + To whom correspondence should be addressed. Tel: +44 115 922 3431; Fax: +44 115 951 8503; Email: karen@ihr.mrc.ac.uk not deleted in sy (4) . The results of this analysis indicated that slc12a2 was deleted in sy/sy mice (Fig. 1) . Subsequently, sequencing of exons 9, 14, 19 and 21 of the gene in sy ns /sy ns mice led to the identification of the mutation nt2955 ins(A) in exon 21 of slc12a2 (12,13; Fig. 3 ). This mutation causes a frameshift with the introduction of a termination codon after 13 amino acid residues. While this insertion was present in all five of the sy ns /sy ns mice analysed, it was not detected in a panel of 10 inbred mouse strains. Sequencing of +/sy ns DNA confirmed that both alleles were present. As exon 21 is alternatively spliced (13) , RT-PCR analysis of RNA extracted from the brain and cochleas of wild-type mice was undertaken. While two transcripts, one containing and one lacking exon 21, were detected in brain, the exon 21-containing splice form was the only transcript detected in the cochlea (data not shown).
Morphological analyses
Histological analyses of the ears of 1-month-old sy ns /sy ns mice revealed extensive pathology (Fig. 4) , very similar to that described in the original sy/sy mutants (3). Both Reissner's membrane in the cochlea and the walls of the vestibular compartments exhibited extensive collapse, suggesting little production of endolymph. In many cases, Reissner's membrane appeared to be fused with underlying structures. Auditory hair cells were not seen and severe abnormalities were observed in all supporting cells in the organ of Corti, inner and outer sulcus cells, interdental cells and the stria vascularis. Interestingly, many of these cells transiently express a Na-K-Cl cotransporter during development (14) .
The structure of the inner ear was examined by microdissection and whole mount preparations of sy ns /sy ns (n = 5), sy/sy (n = 1) and sy fp /sy fp (n = 12) mutants and their littermate controls. The sy fp homozygotes showed no apparent defects of gross inner ear morphogenesis (Fig. 5 ). However, both sy/sy and sy ns /sy ns mutants had abnormally thin semicircular canals (Fig. 5) . Sections through the canals of sy ns homozygotes confirmed the reduced lumen diameter. No histological abnormalities of the otic capsule bone itself were observed in the sy ns mutants. Heterozygotes for all three alleles appeared completely normal.
Immunostaining of sy ns /sy ns ears with an antibody that recognizes the Na-K-Cl co-transporter indicated that the protein is greatly diminished or absent at all the sites where it is normally expressed at high levels, whereas the staining patterns of +/sy ns heterozygotes appeared to be normal (Fig. 4) . In contrast, the , the murine homologue of the rat resiniferatoxin binding protein (D18Ertd65e, 216 bp), the basolateral Na-K-Cl co-transporter (slc12a2, 176 bp), heparan sulphate N-deacetylase/N-sulfotransferase (hsst,~900 bp) and the murine orthologues of the genes mutated in the human dysmorphic syndromes diastrophic dysplasia (dtd, 187 bp) and Treacher Collins syndrome (tcof1, 150 bp) were used to PCR amplify DNA extracted from a normal inbred mouse (C57), sy heterozygotes (sy/+) and sy homozygotes (sy/sy). The products were separated on a 3% agarose gel. In the case of slc12a2 (176 bp) a duplex reaction with the anonymous marker D18Mit123 (116 bp) was performed. The slc12a2 gene is clearly deleted in sy/sy mice. Negative controls (-ve), with water as the substrate, were established for all reactions. staining patterns obtained when an anti-Na,K-ATPase antibody was used to stain sy ns /sy ns ears appeared normal within the constraints imposed by the histological defects in the mutants (data not shown).
DISCUSSION
The generation of the unusually high [K + ] and low [Na + ] in endolymph, the fluid bathing both cochlear and vestibular sensory hair cells, is critical to normal inner ear function. Much of the transduction current through hair cells is carried by K + , which is reabsorbed by supporting cells of the organ of Corti and actively recycled to the stria vascularis via highly specialized networks of ion-transporting fibrocytes in the spiral ligament, for secretion back into endolymph (15) (16) (17) (18) . The importance of K + recycling is demonstrated by the deafness associated with mutations affecting key steps in the process. A potassium channel encoded by KCNQ4, and mutated in the human deafness DFNA2, may allow removal of K + from hair cells, the first step in recycling (19) . The GJB2 gene, which encodes connexin26, a component of the gap junctions linking the supporting cells and fibrocytes involved in K + recycling, is also mutated in human deafness (20, 21) . The Na-K-Cl co-transporter mutated in sy mice is located in the basolateral membrane of strial marginal cells (8, 10) and is involved in K + transport (in association with Na,KATPase) into the marginal cells (22) . Finally, K + pumped into marginal cells is transported into endolymph via their apical (luminal) channels formed from the products of the KCNQ1 (KvLQT1) and KCNE1 (IsK) genes, either of which can be mutated in cases of Jervell and Lange-Nielsen syndrome (23, 24) . The collapse of Reissner's membrane observed in sy ns mutants is reminiscent of that reported in isk knockout mice (25) .
The association of thin semicircular canals with an ion transporter gene mutation was unexpected. The thin semicircular canals and collapse of Reissner's membrane and the vestibular walls that we observed in the sy ns homozygotes are very similar to the defects reported in the original sy mutants (3,11). Deol (3) suggested that the inner ear malformation observed in the sy mutants might be due to the same basic skeletal defect involved in the fusion of digits. However, we observed thin semicircular canals in the sy ns mutant, which has normal digits, and normal semicircular canals in the fused phalanges (sy fp ) mutants, which have no shaker-waltzer type behaviour but do have fused digits. Thus, the thin semicircular canals appear to be a consequence of the slc12a2 mutations. Presumably, the co-transporter begins to function before the final size of the semicircular canals is fixed by condensation of the mesenchyme surrounding the developing otic vesicle, and the reduction in endolymph volume resulting from abnormal secretion and mAb T4 against Na-K-Cl co-transporter (c and d). The sy ns /sy ns mutant exhibits a nearly complete collapse of Reissner's membrane (arrows) resulting in a large expansion of the perilymph-filled scala vestibuli (SV) at the expense of the endolymph-containing scala media (SM). The organ of Corti (OC) and the adjacent inner and outer sulcus epithelia fail to develop a normal cytoarchitecture and the stria vascularis (StV) is highly abnormal in the mutant ears. In contrast, spiral ganglion (SG) neurons and their peripheral processes appear normal in the mutants. The heterozygotes show strong immunostaining for Na-K-Cl co-transporter in the stria vascularis, satellite cells in the spiral ganglion, type II (II) and type V (V) fibrocytes in the spiral ligament and fibrocytes in the limbus (L). Immunoreactivity for Na-K-Cl co-transporter is absent from all of these strongly reactive sites in the mutants.
could lead to collapse of the canal lumen and thin canals. Early expression of the slc12a2 gene has been described in gerbil (14) and the high [K + ] of endolymph also develops very early, before the onset of the rise in endocochlear potential (26) .
The data documented in this paper indicate that the basolateral Na-K-Cl co-transporter is essential for the production of endolymph in the inner ear and provide the molecular basis of another link in the chain of K + recycling in the cochlea. These data further indicate that endolymph volume and/or ionic composition can influence morphogenesis of the gross structure of the inner ear. While this paper was under review, Delpire et al. (27) reported that inactivation of the slc12a2 gene via homologous recombination in embryonic stem cells results in deafness and imbalance in mice. The structure of the cochlea in slc12a2 -/-mice is identical to that reported here; however, no details of the semicircular canals were presented. Given the pathology observed in sy/sy and sy ns / sy ns mice, it would be interesting to examine the morphology of these latter structures in the knockout mice. In any event, as the slc12a2 mouse mutants are viable, the orthologous human gene located on chromosome 5q represents a good candidate for involvement in human deafness.
MATERIALS AND METHODS
Mice
Mice carrying the sy, sy ns and sy fp mutations were obtained from the Jackson Laboratory (Bar Harbor, ME) and breeding colonies established. sy is maintained on a B6C3Fe background, sy fp on a C3HeB/FeJ background and the sy ns mutation on a mixed background including C57BL/6J and MK/ReJ (4). Normal littermates (either +/+ or heterozygote) were used as controls.
Deletion analysis
DNA was extracted from C57BL/6J, +/sy and sy/sy mice by standard methods. PCR assays were performed in 25 µl volumes containing 50 pmol of each primer, 200 µM dNTPs, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 and 0.01% gelatin. The samples were overlaid with mineral oil, heated to 96°C for 10 min and cooled to 55°C. After addition of 0.75 U Taq DNA polymerase, the samples were processed through 35 amplification cycles of 92°C for 30 s, 55°C for 30 s, 72°C for 30 s using a Hybaid thermal cycler. The final extension step was lengthened to 10 min. Negative controls were established for all reactions. The PCR products were analysed on 2-3% agarose gels. The following primers were used: atq1 (5'-ggc tca ggg aat caa gtt tca gtg-3' and 5'-tga gta tct tga ttt aga cag gg-3'); lmnb1 (5'-ctg tac tgt ttg gaa agg gg-3' and 5'-agc tct gta gaa cct cca tc-3'); D18Ertd65e (5'-aaa ccg aag tgt ctt aat ggc-3' and 5'-tgt act gag act aga gaa agg-3'); slc12a2 (5'-caa act tga tga tta tac agg c-3' and 5'-aag agt taa caa tat gga agg g-3'); hsst (5'-ggc tcc agt gag ctg gac aa-3' and 5'-gca cca ggt gct tga agg tg-3'); dtd (5'-gat gag tac aga ggt gat gg-3' and 5'-tga gaa tga cac ccc agt ac-3'); tcof1 (5'-gtg atc tgg taa tgc ctt gc-3' and 5'-tag act gct cac tct tgc tg-3'); D18Mit123 (5'-gga ata tat tac aga aga aag cac agg-3' and 5'-tct gac act gac tgg aac tac aca-3'); npy6r (5'-ctg gta agc aaa atc aaa gcc c-3' and 5'-ctc agt aat gat gtc tag gtt g-3'); hsp74 (5'-gcc gtt tcc agt gca aca ag-3' and 5'-gat gct gcc tgc ctg atg tt-3'); and dtn (5'-gtg act act gta att tga cct c-3' and 5'-atc act tca aaa tat aac agt cc-3').
Backcross analysis
The sy fp allele, kept on a C3H background, was used to map the sy locus, because it is fully viable and fertile. Homozygotes were outcrossed to C57BL/6J and the resulting F 1 mice backcrossed to further homozygotes. One-hundred backcross mice were analysed. Each was typed for SSLPs in central chromosome 18, including D18Mit55, 74, 123, 238, 124, 52 and 40, using primer sequences available from Research Genetics (Huntsville, AL), standard PCR conditions and agarose gel analysis. Feet were examined to determine the sy fp genotype. An SSCP variant of slc12a2 was used to genotype this locus, using standard PCR conditions and 14% acrylamide gels, with the following primers derived from the gene sequence of the 3'-UTR (12): 5'-ccc acc gac cag tta gtg-3' and 5'-ggg tag atc atc agt cat ctc-3'.
Sequencing
The genomic organization of slc12a2 has been detailed previously (13) . Oligonucleotide primers defining exon 21 (5'-caa act tga tga tta tac agg c-3' and 5'-aag agt taa caa tat gga agg g-3') were used to PCR amplify DNA extracted from sy ns /sy ns , +/sy ns , A/J, AKR/J, BALB/c, C3H, C57BL/6J, CAST/Ei, CBA/J, DBA/2J, 129/SvevTACfBr and SPRET/Ei mice as outlined above. The PCR products were gel purified, cloned into M13 and sequenced via the dideoxy chain termination method using the Sequenase v.2.0 kit (US Biochemical, Cleveland, OH) or dye primer chemistry. At least three independent templates were sequenced for each DNA sample.
RT-PCR analysis
Brain tissue and the lateral wall and organ of Corti of the cochlea was dissected from young adult CBA/Ca mice, snap frozen in liquid nitrogen and total RNA extracted according to the method of Chomczynski and Saachi (28) for use in RT-PCR analysis. One microgram of RNA was incubated with 100 ng of random primer at 70°C for 10 min. The samples were chilled on ice and MMLV reverse transcriptase buffer, 10 mM DTT, 1 mM dNTPs (all Gibco BRL, Paisley, UK) and 0.5 U RNAsin (Promega, Southampton, UK) were added. The reactions were equilibrated at 37°C for 2 min, 200 U MMLV reverse transcriptase added and the samples incubated at 37°C for 1 h. Controls included reactions performed in the absence of RNA or in the absence of reverse transcriptase. The samples were heated to 95°C and 2 µl of cDNA were used in the PCR using the primers 5'-atc acc tgg tac caa gga tg-3' (nt 2808-2827 of slc12a2) and 5'-aaa gcc acc aga cat cta tag-3' (nt 3067-3047 of slc12a2) as detailed below. The PCR product sizes were 213 bp in the absence of exon 21 and 261 bp in the presence of exon 21.
Whole mounts
For whole mount preparations, inner ears were dissected, fixed, dehydrated and cleared in methyl salicylate using standard procedures. Both ears from the following numbers of mice were examined: five sy ns /sy ns and four +/?, aged 32 days to 14.5 months; one sy/sy and one +/?, aged 6 months; 12 sy fp /sy fp and eight +/sy fp , aged 3.5-6 months.
Histological and immunohistochemical analysis
Temporal bones were harvested from six 32-day-old littermates (three sy ns /sy ns and three littermate controls). The right inner ear from each mouse was fixed, decalcified and embedded in paraffin for light microscopic study (14, 17) , whereas the left inner ears were processed and embedded in plastic for fine structural analysis (18) . Paraffin blocks were sectioned at 5 µm thickness and every 25th section was stained with hematoxylin and eosin. The plastic embedded ears were sectioned at 1 µm and stained with toluidine blue for light microscopic observation.
Further paraffin sections from the sy ns /sy ns and control inner ears were mounted on the same slide and immunostained following procedures described previously (8, 14) using a mouse mAb, designated T4, which was generated against a fusion protein encompassing the C-terminal 310 amino acids of the human colonic Na-K-Cl co-transporter (29) .
